The Upper Niger and Bani River basins in West Africa. Study focus: The growing demand for food, water, and energy led Mali and Guinea to develop ambitious hydropower and irrigation plans, including the construction of a new dam and the extension of irrigation schemes. These two developments will take place upstream of sensible ecosystem hotspots while the feasibility of development plans in terms of water availability and sustainability is questionable. Where agricultural development in past decades focused mainly on intensifying dry-season crops cultivation, future plans include extension in both the dry and wet seasons. New hydrological insights for the region: Today's irrigation demand corresponds to 7% of the average annual Niger discharge and could account to one third in 2045. An extension of irrigated agriculture is possible in the wet season, while extending dry-season cropping would be largely compromised with the one major existing Sélingué dam. An additional large Fomi or Moussako dam would not completely satisfy dry-season irrigation demands in the 2045 scenario but would reduce the estimated supply gap from 36% to 14%. However, discharge peaks may decrease by 40% reducing the inundated area in the Inner Niger Delta by 21%, while average annual discharge decreases by 30%. Sustainable development should therefore consider investments in water-saving irrigation and management practices to enhance the feasibility of the envisaged irrigation plans instead of completely relying on the construction of a flow regime altering dam.
and White Nile Rivers to irrigate one of the largest irrigation schemes worldwide with almost 900,000 ha (Abdelhadi et al., 2000) . In Pakistan about 73% of the average Indus flows are abstracted to a vast irrigation scheme (Archer et al., 2010) . In the São Francisco River basin in Brazil, the agricultural water demand in the year 2010 corresponded to 77% of the total water demand (Koch et al., 2018c) . Worldwide, the agricultural sector is by far the largest water user, consuming on average about 70% of freshwater resources (FAO, 2011) . In the African context, irrigation does not play a significant role, where only 6% of the total cultivated area is irrigated, which is lower than in other world regions, like 14% in Latin America and 37% in Asia (You et al., 2010) . Possible reasons for this low share of irrigated agriculture are the undeveloped state of institutions for irrigation and the prevalence of subsistence farming (You et al., 2010) .
However, in the case study area of the UNBB, irrigation plays a role to meet the growing food demands. Plans to utilise the available land and water resources that have been developed (BRL (Ingéniérie BRL), 2007a; MEME, 2007; RH et al., 2007) are continuously revised to account for development pathways not considered in previous plans (BRL and GEF, 2012; Coyne and Bellier, 2009 ). But the current expansion plans have not adequately included possible implications in terms of water availability, distribution, and allocation (Hertzog et al., 2012) . The Office du Niger (OdN), a semi-autonomous government agency in Mali, is one of the key actors with regard to food production, responsible for the administration and development of a number of irrigation schemes (Hertzog et al., 2012) that are by far the largest in the UNBB. The major OdN irrigation scheme is located just upstream of the Inner Niger Delta (IND) and is supplied with water from the Niger River via a system of canals diverting water from the Markala dam. The Markala dam is operational since 1947 and was actually supposed to supply an irrigated area of 960,000 ha (Zwarts et al., 2005) . However, in the year 2005 "only" 113,303 ha were cultivated (BRL and Betico, 2016) . According to recent development plans, it is envisaged to expand the area to 460,000 ha until the year 2045 and to intensify agricultural production particularly in the dry season (BRL and Betico, 2016) . Up to now it is not clear how realistic this endeavour is with regard to availability of water resources and sustainable development.
As a consequence of the unimodal rainfall regime in the UNBB, the discharge regime of the Niger and Bani Rivers entering the IND is characterised by a low flow season between December and May and a high flow season from June to November. The natural water availability in the dry season puts a clear limit to agricultural water supply already today. An extension of irrigation schemes would therefore either require improved water use efficiency or the construction of new dams to satisfy the required water demands. Dams and reservoirs have always played and will play an important role for the implementation of agricultural development and hydropower production in the UNBB. Generally, reservoir operations alter the natural flow regime by increasing flows during the dry season and reducing the flows and flood peaks during the rainy (wet) season .
Beside numerous small dams, a total of five medium to large dams are currently in operation in the UNBB. The Sotuba dam was the first dam in the Upper Niger River. It was built in 1929 and produces a small amount of hydroelectric power and continuously diverts 8 m 3 /s to irrigation schemes, but its impact on the water balance and the Niger flow regime is negligible (Zwarts et al., 2005) . 35 years after the construction of the Markala dam in 1947, the Sélingué dam was built in 1982 to impound the Sankarani River, a tributary to the Niger River in Mali with a storage volume of 2.35 billion m 3 (Bm 3 ). It serves the purpose to generate hydroelectric power and to supply agricultural areas nearby with water for irrigation . In the Bani River basin, two comparably small dams were recently built, the Talo dam (operational since 2007, 0.18 Bm 3 ) and the Djenné dam (2014 under rehabilitation, 0.36 Bm 3 ) (Zwarts, 2010; Zwarts et al., 2005) . Their main purpose is to supply adjacent irrigation schemes more reliably with required water volumes. The effect of the existing dams and irrigation schemes in the UNBB is already observable downstream, at the inlets to the IND (Marie et al., 2007) . Water volumes are reduced by withdrawals for irrigation and evaporation and seepage from reservoirs. A noticeable share of 55-70% of water withdrawals can be attributed to low water use efficiency, including high transmission losses in the irrigation canal network (Hertzog et al., 2012; Schüttrumpf and Bökkers, 2008; Keita et al., 2002) . However, the combined effect of existing dam infrastructure is relatively small compared to the impacts on downstream discharge expected to be caused by the planned dam in the Niandan River in the Niger headwaters in Guinea. Since decades it is planned to construct the so called Fomi dam with an envisaged storage volume of 5.3 Bm 3 . This is more than twice as large as the currently existing storages in the UNBB together and the dam is expected to amplify the already observed impacts on the flow regime. Recently, it is considered to build the dam approximately 20 km upstream, where it would be called Moussako dam with comparable storage properties and therefore comparable expected impacts (Tractebel, 2017a,b) . For convenience, the dam is henceforth called Fomi dam in this study although it might be constructed at the Moussako location. With its large storage capacity, the Fomi dam has the potential to substantially alter the flow regime by further increasing the flows during the dry season and decreasing the high flows and flood peaks during the reservoir refilling period. Indirectly, the Fomi dam may also lead to long-term reduced discharge entering the IND by enabling or supporting higher water withdrawals for agricultural consumption in the OdN irrigation scheme in the dry season.
The increasing demand for food and energy in Mali and Guinea may justify such plans but, depending on the level of implementation, they are expected to affect downstream ecosystems and associated livelihoods of local communities. The IND is an important, seasonally inundated wetland, providing natural resources and livelihoods for more than 10% of Mali's population inhabiting the delta. About 40% of Malian cattle depend on the fodder production and grazing grounds in the IND while 80% of Malian fish production comes from the IND (RH et al., 2010) . Livestock and fisheries contribute respectively with 10% and 4% to Malian GDP (RH et al., 2010; Dolo et al., 2005) and form an essential component of Malian food consumption, not only quantitatively, but also qualitatively as it increases nutritional diversity and gastronomic variety. The Upper Niger and Bani Rivers constitute the inflows into the IND. Altering their flow regime towards generally lower average annual inflows and a changed annual cycle is expected to challenge the integrity of the IND ecosystem. This ecosystem has evolved in and has adapted to the natural variability of the hydroclimatic conditions prevalent in the last centuries, including extremely wet (e.g. 1950s and 1960s) and dry (e.g. 1970s and 1980s) decades. In very wet periods, like in the 1950s, the inundated area can expand up to 36,000 km 2 in the flooding season (Zwarts et al., 2005) . Over the period 2000 to 2011, Ogilvie et al. (2015) estimate the variation of the annual maximum flooded surface area between 10,300 km 2 and 20,000 km 2 , receding progressively to a magnitude of 3800 km 2 on average in the dry season. In extraordinary dry years, the inundated area can be much smaller. The seasonal flood dynamics are vitally important for its integrity. The inundated area directly relates to ecosystem services that are provided by the IND. For example, fish rejuvenation is dependent on the availability of various habitats suitable for spawning and nursing of the young fish that will only form under particular flood dynamics. Similarly, the large amounts of submerged grasses like bourgou, used as cattle fodder, will only develop when favorable habitats exist during germination and early plant growth stages. As a rule of thumb one can say that the larger the inundated area the higher the productivity of the IND (Zwarts et al., 2005) . The altered flow regime and the general reduction of inflows and flood peaks entering the IND, caused by intensified activities in the UNBB upstream the IND, like agricultural and hydropower production, constitute clear trade-offs with the IND's ecosystem integrity and the services it provides. The first objective of this study is to investigate the feasibility of the plans to expand irrigated agriculture in the scheme operated by OdN considering different reservoir operation scenarios. The gap between the estimated irrigation water demand and supply in the years 2025, 2035, and 2045 determines the feasibility. Three reservoir settings are analysed, where the first scenario represents the current state with only the Sélingué dam operational in the Sankarani River. In the other two scenarios it is assumed that the Fomi dam is operational in the Niandan River in the Niger headwaters, and either operated to largely preserve the natural flow regime or to optimise hydropower production. The second objective is to assess the combined impacts of increasing agricultural water demands and reservoir operations on the discharges of the Niger and Bani Rivers and the average maximal inundated area in the IND. However, the impacts on the IND's ecosystem services are not covered in this study.
Materials and methods

Study area
The Upper Niger and Bani River basins (UNBB) in West Africa are defined in this study as the catchments upstream the IND at the gauges Ké-Macina (Niger) and Sofara (Bani), see Fig. 1 . The UNBB covers an area of 273,700 km 2 . The following countries have a decreasing share in the basin area: Mali, Guinea, Ivory Coast, and Burkina Faso. According to CIESIN (2016) , the basin was populated by 9.8 million people in 2005 and increased by 42% to 13.9 million inhabitants in 2015 and thus belongs to a region with one of the fastest growing population worldwide, corresponding to an annual growth rate of about 4%.
Following the Köppen-Geiger climate classification, the UNBB is located in a climatic transition zone (Fig. 1) . About three quarters of the area are characterised by the tropical savanna climate and the northern quarter is dominated by a warm semi-arid climate. In the very north, the basin is influenced by the warm desert climate and in the south by the monsoon climate.
Data
Following data sources were used to set up the hydrological model described in Section 2.3. The SRTM Digital Elevation Model in 90 m horizontal resolution (Jarvis et al., 2008) was used to delineate the UNBB and its sub-basins. Soil properties were derived from the Harmonized World Soil Database (HWSD) (FAO, 2009) and information on land use/cover was taken from GLC2000 (Bartholomé and Belward, 2005) . The source of daily weather variables in the period 1960-2000, such as daily precipitation, minimum, mean, and maximum temperatures are the gridded Watch Forcing Data (WFD) with a spatial resolution of 0.5° (Weedon et al., 2011) . WFD are based on ECMWF Re-Analysis ERA40 (Uppala et al., 2005) assimilating surface observations. It was found that WFD radiation data are consistently lower than observations in the UNBB and radiation was therefore calculated based on minimum and maximum temperature and the respective sub-basin's latitude according to Hargreaves et al. (1985) . Simulated radiation data were adjusted to fit values estimated by solargis.info. Discharge data of 10 gauges provided by the Global Runoff Data Centre (GRDC) were used to calibrate and validate discharge simulations.
Data and information from various reports (BRL and Betico, 2016; BRL (Ingéniérie BRL, 2007a; BRL (Ingéniérie BRL, 2007b; BRL and DHI, 2007; Zwarts et al., 2005) were used to parameterise the reservoirs and to develop land and water management scenarios. The rating curves relating reservoir water level, volume, and area for the Fomi dam were derived from the SRTM DEM using the GRASS GIS module r.lake, which computes the water volume and flooded surface area at given water levels. Values in between the given water levels are linearly interpolated. Corresponding values and other relevant reservoir data are shown in Tables S1 and S2 in the Supplement.
Climate projection uncertainties
Hulme (2001) states that: "There is no such thing as 'normal' rainfall in the Sahel." Instead, rainfall fluctuates erratically and the "normal" is rather the variability of rainfall in space as well as from year to year, and from decade to decade (Hulme, 2001 ). An adequate spatio-temporal representation of weather variables in such climatic transition zones governed by the West African monsoon system is challenging for climate models (Turner et al., 2011; Cook and Vizy, 2006) . Moreover, rainfall projections of Global Circulation Models (GCMs) diverge in future scenarios, where some models project a wetter and others a drier future in the UNBB (Monerie et al., 2017; Rowell et al., 2015 , Aich et al., 2014 Biasutti, 2013; Giannini, 2010; Cook and Vizy, 2006 ; see also Figs. S1 and S2 in the Supplement). According to Giannini (2010) there is no way to discern whether the future climate in the Sahel will be different from that experienced over the 20th century. According to Rowell et al. (2015) , the projection uncertainties of climate models in the Sahel are not reduced if only the best performing models are selected. Vetter et al. (2015) and Hattermann et al. (2018) found that GCMs are the main source of uncertainty in climate impact assessment in the UNBB, while hydrological models contribute only a small part to uncertainty. Vetter et al. (2017) confirms this finding for the entire Niger basin.
Dealing with climate projection uncertainties
As discussed in Liersch et al. (2018) , the value of climate projection data for quantitative, application-oriented studies, where a certain degree of accuracy in input data is required, is still rather limited. Even bias-corrected climate simulations do not always provide input that is of adequate quality for regional impact studies . Therefore, we use a historical gridded weather dataset (Weedon et al., 2011) representing the variable hydro-climatic conditions observed in the period 1960-2000 to investigate the feasibility of irrigation extension in OdN and to assess the impacts of combined irrigation and reservoir operation scenarios on river discharges and the inundated area in the IND. Fig. 2 shows that the years 1960-2000 represent a large range of natural rainfall variability and consist of a wet period, the 1960s with rainfall anomalies above the 20th century average, and an extremely dry period in the 1980s where all years are below the 20th century average. It is also the period with the highest density of meteorological stations in the UNBB (Schneider et al., 2015) and therefore, the uncertainties are expected to be the lowest. Decision makers may have experienced these extreme conditions themselves and will remember what consequences consecutive wet or dry years have had on, e.g., high and low flows in the Niger and Bani Rivers, agricultural and fishery production or the extent of the inundated area in the IND. Climate simulations for the 21st century show that the cyclic behaviour with consecutive wet and dry years that was observed and is simulated by GCMs in the past, will continue in future, independently if a GCM projects a dryer, wetter or no trend in annual rainfall at all (Figs. S3 and S4 in the Supplement) .
Communicating the uncertainties related to climate change projections and their consequences for future water availability is difficult and does usually not satisfy stakeholders and decision makers, because they do not know or understand how to prepare or adapt to these diverging trends and may thus be reluctant to trust in the presented results. In addition to this, following arguments justify the application of historical meteorological data in this study instead of applying climate scenarios are: a) water resources management studies require a certain degree of meteorological input data accuracy which is, particular with regard to rainfall patterns and volumes in the UNBB, not provided by climate models and b) the 40 years observational meteorological data show a high variability, allowing the analysis of current and future water management activities under a range from extremely dry to wet hydro-climatic conditions. A deficiency with this approach is that the projected temperature increase of 1.5-1.7°C between 2030-2049 and 1986-2005 is neglected (Fig. S2b) , which would result in higher potential evapotranspiration rates of approximately 2% reducing water availability.
Hydrological modelling
The Soil and Water Integrated Model (SWIM) is an eco-hydrological model, developed by Krysanova et al. (2005) . It operates at the daily time step and is a semi-distributed and process-based catchment model, which is continuously developed and adapted to meet new or specific challenges and requirements . SWIM was already applied to the Upper and entire Niger River basin in several studies (Aich et al., 2016; Aich et al., 2015; Aich et al., 2014; Liersch et al., 2013; Liersch et al., 2012) . The model was used in this study, because it contains sophisticated features to account for various reservoir operation options and irrigation management, which are required to address the research questions at hand.
In this study SWIM was calibrated and validated to observed discharges provided by the Global Runoff Data Centre (GRDC) at 10 selected gauges in the UNBB (Fig. 1 ) available during the period 1960-2000, where the first year is omitted in the analysis. In a first step, a manual sensitivity analysis was conducted to understand the model behaviour and to define reasonable parameter ranges. Based on these parameter ranges, the sub-catchments were finally calibrated using a multi-objective evolutionary automatic algorithm.
The performance of the simulations of the annual cycle is exemplarily shown for the most important gauges used in this study (Baro, Sankarani, and Ké-Macina) . Corresponding figures at the daily time step are presented in the Supplement in Fig. S5 . The model results show a very good fit for the gauge Baro, the closest downstream gauge from the location where the Fomi dam may be built, see 
Reservoir module
A reservoir module, developed by Koch et al. (2013) , was implemented in SWIM to account for the effects of dam infrastructures in river basins that may, depending on their capacities and operation rules, substantially alter the natural flow regime and reduce downstream water availability by evaporation and seepage. The actual reservoir area, volume and water levels are changing on a daily time step depending on inflows, reservoir release and losses due to evapotranspiration, seepage and withdrawals. Actual evapotranspiration from the reservoir area (ET Res ) is determined by the area-weighted sums of the lake's open water surface Schneider et al. (2015) . Horizontal black lines refer to the 15th percentile (lower), the 50th percentile (middle, zero line) and the 85th percentile (upper) of annual rainfall anomalies. evaporation (ET p ) and actual evapotranspiration (ET a ) from the land area, i.e. the reservoir area not inundated at the respective day. Both ET p and ET a rates depend on the actual volume of the reservoir. The daily seepage rate is computed as a user-defined fraction of the actual total storage volume. The module was already applied to investigate reservoir filling strategies and their downstream impacts, which is especially relevant for dam projects in the planning phase , to analyse the impacts of various operation rules on downstream discharges (Koch et al., 2018a; Liersch et al., 2017; Lobanova et al., 2017; Lobanova et al., 2016; Aich et al., 2016) , to account for storage effects of natural lakes , and to simulate hydropower production (Koch et al., 2018b; Liersch et al., 2017; Lobanova et al., 2016; Koch et al., 2013) .
Water allocation module
The water allocation module in SWIM allows the withdrawal of water volumes from river sections or reservoirs. Water demand data can be included at the daily, monthly, or average monthly time step. Abstracted volumes can either be allocated to water users, such as irrigation schemes or cities, outside the system (river basin) or to water users inside the system. In this study, the module was used to account for reported water uptakes in the past during the calibration and validation periods and to investigate scenarios of planned developments of several irrigation schemes in the UNBB. Since the main irrigation scheme (OdN) is located outside the UNBB, groundwater return flows are neglected here.
Scenarios
The coupled irrigation and reservoir operation scenarios developed in this study consider different assumptions of reservoir settings and withdrawals for irrigation schemes at several locations in the UNBB. Details are described in the following sections.
To analyse the reservoir operation impacts on irrigation water supply, river discharge, and inundated area under past hydroclimatic conditions, the scenario settings are constant over the entire simulation period, even if dams were built during (Sélingué in 1982) or after (Talo 2007, Djenné 2014, Fomi planned) the scenario period. Land use was also not considered to change over the scenario period. 
Reservoir scenarios
Reservoir settings comprise the number of active reservoirs in each scenario as well as their operation rules. Following dams are considered in this study: Fomi (Niandan River, Guinea, planned), Sélingué (Sankarani River, Mali), Talo (Bani River, Mali), and Djenné (Bani River, Mali). The Sotuba dam and the Markala dam in Mali along the Niger River are not implemented as reservoirs in the model, because their storage volume is very small. These dams solely serve the purpose of diverting water to irrigation schemes. However, water withdrawals at the Markala dam are considered by the water allocation module. Withdrawals at the Sotuba dam account for only 0.2% of Niger river discharge and were thus neglected in this study. The Sélingué dam and the Fomi dam (planned) are both impounding tributaries of the Niger River. They are therefore relevant for the assessment of the feasibility of irrigation expansion plans in the OdN irrigation scheme and for the investigation of inflows and inundated area in the IND. The Talo and Djenné dams in the Bani River basin are not relevant for the OdN irrigation scheme but for the inflows and inundated area in the IND. However, due to their small storage capacities they play only a minor role in this study. Operation of the Sélingué dam was parameterised in the model to represent realistic dam management in the period between 1982 and 2000 .
The planned Fomi dam was parameterised to represent two different operation rules. One rule was developed to assess the impacts of the Fomi dam when operated to optimise hydropower production (HPP scenario) with a dam height of 388 m.a.s.l. The simulated operation is aimed at generating a firm yield of 35 MW, which corresponds to about 80% of the potential mean production of 43 MW (Coyne and Bellier, 2009 /s) is set as the maximum discharge. In the ENV scenario the release from the reservoir does not change the natural flow regime noticeably during the dry season between January and June. In the wet season, however, discharge is reduced by the reservoir management in the ENV scenario to a certain extent. In both scenarios the dead storage head is assumed to be at an elevation of 370 m.a.s.l. Water level, surface area, and storage volume relationships are shown in the Tables S1 and S2 in the Supplement. The seepage rates in all implemented dams are assumed to be in the order of the rate in the Sélingué dam, where Zwarts et al. (2005) assumes losses of 0.83 Bm 3 /a.
Irrigation scenarios
Monthly irrigation water demands (DI mon in m 3 /s) employed in the irrigation scenarios in OdN were simulated with the model used by the hydro-agricultural improvement programme (BRL and Betico, 2016) . The monthly water demand in OdN is estimated based on monthly crop demand (DC mon ) in millimetre per day corrected by a monthly irrigation network efficiency coefficient (Coef mon ) and multiplied with the irrigated area (A) in hectare for a given target year (Eq. (1a)). The irrigated area for eight different crops and the crop calendar is shown in Tables S4 and S5 in The baseline for all sites refers to estimated irrigation demands in the year 2005 (BRL and Betico, 2016; BRL (Ingéniérie BRL, 2007a) . Based on these documents, irrigation scenarios were derived for the year 2025 for all sites. Additionally, water demands were estimated for the periods around 2035 and 2045 in the irrigation scheme operated by OdN (BRL and Betico, 2016) . Corresponding data used in the simulation is shown in Table 1 and monthly withdrawals are listed in Table S3 in the Supplement.
Based on our simulations, the long-term average natural discharge at the Markala dam was about 1140 m 3 /s in the period /s, equivalent to 2000 mm/a) corresponds to 7% of long-term average natural Niger discharge and will, according to the development plans, increase to 14% in 2025, to 20% in 2035, and to 27% in 2045 (Table 1) . Remarkable is the range of irrigation demands in relation to annual discharges, indicating a high variability of water availability. In the 2045 irrigation scenario, the irrigation water demand would correspond to 50% of discharge in the year with lowest discharges and to 19% in the year with highest discharge in the entire simulation period (Table 1) .
Withdrawals for irrigation are considered in the model as water volumes diverted to irrigation schemes from reservoirs at the sites Sélingué, Fomi, Talo, and Djenné or from the river section at the Markala dam (OdN), see Fig. 1 . Actual withdrawals (W) are based on the irrigation demand (DI) but can be limited by water availability (Q avail , see Eq. (2)) and/or minimal flow thresholds (TH min_flow ) defined at the corresponding reservoir or river section (Eq. (3)), where Q is the discharge and the unit of all variables Eqs. (2) and (3) is m 3 /s.
To ensure drinking water supply in the country Niger, it was agreed that the minimal flow to be continuously released at the Markala dam is 50 m 3 /s (BRL and DHI, 2007 /s threshold is applied in simulations to analyse the feasibility of irrigation expansion, it is not applied in simulations used to analyse the impacts on IND inflows and the inundated area because of the non-compliance issue.
Performance criteria and definitions
To analyse the feasibility of the irrigation scenarios in the irrigation scheme operated by OdN, the simulated daily supply gaps (SG) in percent were aggregated to monthly deficits for each year (see Eq. (4)). The relative supply gap or deficit is the share of the actual monthly withdrawals (W) in relation to the irrigation demand (DI).
The impacts of irrigation and reservoir operation scenarios on the inflows into the IND are analysed by considering changes in average annual discharge and high and low flows compared to natural flows at Baro (just downstream of the Fomi dam) and at Ké-Macina (just before the Niger River enters the IND). The natural flows were simulated by the SWIM model not considering irrigation and reservoir management. High flows are represented by the Q 10 and low flows by the Q 90 indicator. The Q 90 value represents the discharge value that is exceeded in 90% of the time and the Q 10 value is the discharge value that is exceeded in 10% of the time. The indicators are calculated for each year and are averaged over the entire simulation period. Zwarts et al. (2005) and Observatoire (2018) found that the sum of water volumes (V in km 
The dry or low flow season refers to the months from December to May and the wet or high flow season to the months between June and November. The term "period" is used in the context of a period of years, like the 1980s to indicate a dry period, for instance.
Results
Fomi operation scenarios
In this section, the two scenarios to operate the planned Fomi dam are analysed considering reservoir release, hydropower production, water levels in the reservoir, and water losses from the storage. Under the HPP scenario, reservoir operation changes the natural flow regime at Baro considerably, where average dry-season discharge increases by 316% or 102 m From an economic perspective, reliable hydropower production with a high firm yield is probably the most important feature of the Fomi dam. Such a scenario would also be optimal from an irrigation perspective in OdN, because it supports dry-season cropping by increasing the discharge in the low flow season. Under the HPP scenario, the Fomi dam can generate 28 MW on average and the firm yield with an exceedance probability of 90% (EP 90 ) corresponds to 16 MW and the EP 95 -value is 13 MW. The firm yields have been calculated based on the daily production time series. The average production under the ENV scenario is 18.4 MW and the firm yield EP 90 is only 1 MW. The lower average production in the ENV scenario may not be a major issue, but the fact that either no or only very little electricity could be produced between January and June is a clear limitation (Fig. 4b) . The reason for the low production in the dry season in the ENV scenario is that the water level in the daily time series frequently drops below the head of the dead storage at 370 m.a.s.l., where electricity generation becomes impossible (Fig. 4c) . It should be noted that the firm yield of 35 MW, which represents 80% of the average production of 43 MW, as assumed by Coyne and Bellier (2009) , are not achieved in both scenarios. The reason is that the estimation of Coyne and Bellier (2009) were based on a larger Fomi dam with a dam height of 390 m.a.s.l. and a storage capacity of 6.1 Bm 3 , instead of 388 m.a.s.l. and 5.3 Bm 3 as assumed in the study at hand.
Compared to the HPP scenario, the losses via evaporation and seepage are about 20% lower in the ENV scenario (Fig. 4d) . In total, the long-term average discharge released in the ENV scenario is 6% higher than in the HPP scenario.
Feasibility of irrigation management in Office du Niger
The role of the Sélingué dam
In this section it is demonstrated how the Sélingué dam contributes to the realisation of dry-season irrigation referring to the year 2005 in the area operated by OdN. Fig. 5 shows simulated withdrawals supplied to the OdN irrigation scheme as percentage of the demand. White patches represent months without deficits and coloured areas indicate supply gaps. In the scenario without any dam (Fig. 5a ) current irrigation practices would suffer deficits based on the natural availability of the Niger River in the low flow season in most of the years, except in extraordinary wet years comparable to conditions at the end of the 1960s. Averaged over the entire period, 83% of the demand would be supplied, leaving a gap of 17%. Looking at the low and high flow seasons separately reveals that the deficits are negligible from June to November but are with 33.5% considerable in the low flow season, see Table 2 . Particularly between February and May, the gap between demand and supply would amount to 80% in many years, making current agricultural practices in the dry season impossible.
In Fig. 5b , the Sélingué dam is operational during the entire simulation period. Due to increased discharge in the dry season, the deficits are reduced to a minimum and occur only in extremely dry years. The dam reduces the average supply gap from 17% to 1%.
The effects of an additional Fomi dam
If the Fomi dam would be operational in addition to the Sélingué dam and assuming the same simulation settings as depicted in the previous section, there would be no visible change for dry-season irrigation supply, if the Fomi dam is operated to preserve a natural flow regime downstream (ENV scenario). This is due to the fact that discharge in the low flow season is not substantially affected by the ENV reservoir management, as is shown in Fig. 4a . Hence, a corresponding figure showing irrigation deficits would be very similar to Fig. 5b , where only the Sélingué dam is operational. Therefore, the ENV scenario simulations are omitted in the analysis of irrigation feasibility.
In case the Fomi dam is operated to prioritise hydropower production (HPP scenario), discharge in the low flow season would be much higher than in the ENV scenario (Fig. 4a) . The supply gaps in the OdN irrigation scheme would be nullified, even in extraordinary dry years while respecting minimal flows of 50 m 3 /s released at Markala. A corresponding figure for recent irrigation practices (like Fig. 5b ) would show no coloured patches at all.
Feasibility of envisaged irrigation scenarios in Office du Niger
This section analyses the feasibility of the development plans to increase the irrigated area considering two reservoir scenarios. In one scenario it is assumed that only the Sélingué dam is operational (left column in Fig. 6 ) and in the other scenario the Fomi dam (HPP scenario) is operational in addition to the Sélingué dam (right column in Fig. 6 ). Table 2 shows average supply gaps for dryseason and wet-season irrigation.
In dry periods comparable to conditions prevailing in the late 1970s and 1980s, only 40% of the water demand could be supplied in February and March in the 2025 irrigation scenario (Fig. 6a) . The Fomi dam would almost eradicate those gaps, see Fig. 6b . Only in extraordinary dry years, irrigation deficits of about 20% can be expected in February while the supply gaps averaged over the entire simulation period are < 1%.
Irrigation practices would be compromised in the 2035 irrigation scenario between January and April if only the Sélingué dam is operational (Fig. 6c) . Only in wet periods comparable to some years in the 1960s, the demand may be fully met in the dry season. In very In the 2045 irrigation scenario, average deficits in the low flow season were simulated to be 36.5% and in almost half of the years only 20% of the demand would be supplied if only the Sélingué dam is operational (Fig. 6e) . Noticeable is also that in the wet 1960s, an average supply gap of about 40% would occur between January and March. Even with an additional Fomi dam, the increased dryseason discharge would not satisfy the high irrigation demands in most of the years (Fig. 6f) . However, the Fomi dam would reduce the supply gap averaged over the entire simulation period from 19% (Sélingué only) to 7%. Irrigation demands in the high flow season could theoretically be satisfied in all scenarios. Fig. 7 shows the individual impact of single management components (irrigation only, Sélingué only, and Fomi HPP only) on discharge at Ké-Macina. Figs. 8 and 9 illustrate their combined impacts. Note that the changes in Figs. 7 and 8 are expressed in relative terms and the values are therefore higher in the low flow season although absolute changes would be smaller than in the high flow season. Fig. 9 shows absolute changes. All scenarios show that reservoir operations reduce annual inflows and peak discharge into the IND and alter the natural flow regime. Depending on the water demand of the irrigation scenario, average annual discharge at Ké-Macina is reduced substantially.
Impacts of management scenarios on inflows into the Inner Niger Delta
Niger River (gauge Ké-Macina)
On a long-term annual average, the irrigation withdrawals in OdN in 2005 reduces the discharge at Ké-Macina by 7% (Fig. 7a) . The highest relative changes are simulated between January and June where discharge is reduced by at least 50% in most of the years. In the high flow season, discharge is reduced by 5-10% on average, where in very dry years the irrigation demand can correspond to about 20%.
Both dams show a similar impact by decreasing discharge in the high flow season up to 10% and increasing discharge in the low flow season on average by 10% and more than 200% as maximum values (Figs. 7b and c) . Only in the low flow season, the larger storage capacity of Fomi is visible by releasing larger volumes than the Sélingué dam and therefore increasing low flows to a greater extent. Due to evaporative and seepage losses from the reservoirs, average annual discharge at Ké-Macina decreases by 3% (Sélingué) and 4% (Fomi). Table S7 shows the simulated water balance variables of the reservoirs.
Assuming irrigation withdrawals corresponding to the year 2005, the managed discharge is higher than natural flows in the low flow season between February and June and lower in the rest of the year (Fig. 8a and e) . Both dams compensate the current irrigation withdrawals, which is not the case in the 2025 irrigation scenario with only the Sélingué dam operating (Fig. 8b) . In the 2035 and 2045 irrigation scenarios, there is not a single month where discharge is higher than under natural flow conditions (Figs. 8c and d) . The scenarios including the Fomi dam show basically a similar behaviour, except there is always a short period around May where the discharge is relatively higher compared to natural flows ( Fig. 8g and h) .
As is shown in Fig. 9a , land and water management has a large impact on peak discharge in September. Under current management practices (irrigation scenario 2005 and Sélingué only), the average discharge at Ké-Macina in September is reduced by 540 m 3 /s, which corresponds to a reduction of 14%. An additional Fomi dam (HPP) would reduce September discharge by another Fig. 6 . Monthly irrigation supply (gaps) in the Office du Niger irrigation scheme for expansion and intensification scenarios for the periods 2025 (top), 2035 (middle), and 2045 (bottom).
Fig. 7.
Relative changes of monthly discharge of single management components at Ké-Macina compared to natural flow simulation.
S. Liersch et al. Journal of Hydrology: Regional Studies 21 (2019) 176-194 390 m 3 /s leading to a total reduction of 24%. The latter is comparable to a situation where irrigation demands correspond to the 2045 irrigation scenario with the Sélingué dam in operation (Fig. 9b) . With an additional Fomi dam (HPP), the September discharge would be reduced by 1300 m 3 /s or by 34% on average. If one subtracts the 1300 m 3 /s from average September discharge, the flood peaks would be reduced to a level of the second driest year in the period 1961-2000. Compared to simulated natural flows, the current water management (irrigation scenario 2005 and Sélingué dam) reduces the long-term annual average discharge at Ké-Macina by 10%. An additional Fomi dam would lead to a total reduction of 14% (Table S6 , which also shows the impacts on high flow (Q 10 ) and low flow (Q 90 ) indicators.
Bani River (downstream Djenné)
The long-term average annual discharge of the Bani River (˜300 m 3 /s) contributes approximately 21% to the total inflows into the IND. Compared to the Sélingué and Fomi dams in the Niger River, the storage capacities of the Talo and Djenné dams are with 0.1 Bm 3 and 0.36 Bm 3 relatively small. Their simulated evaporative and seepage losses are also rather small and amount to 1.8% (Talo) and 5.2% (Djenné) of their total inflows (Table S7 ). The Talo dam is not far upstream of the Djenné dam and since both dams are either switched on or off in the simulations, the Talo dam is slightly impacting the results of the Djenné dam. The relative total losses of 5.2% of the Djenné dam represent therefore the combined losses of both dams. Land and water management impacts in the Bani River basin may, although reducing peak discharge, play a subordinate role regarding the IND inflows. In contrast to the OdN irrigation scheme, where irrigated agriculture is practised throughout the year, irrigation schemes at the Talo and Djenné dams are only supplied from the reservoirs in the high flow season between August and November. However, this period is relevant for the flooding in the IND, since peak flows determine the size of the inundated area.
The irrigation demand estimated for 2025 in the Talo and Djenné irrigation schemes, would account for a reduction of 13% of the Bani River discharge on the long-term annual average. Where the low flows are not impacted at all, high flows (Q 10 ) would be reduced by about 15%. The combined impact of irrigation withdrawals in 2025 and the losses from the Talo and Djenné dams would reduce the long-term average annual inflows from the Bani River into the IND by 18%, reducing the total inflows into the IND by another 4%. The major impact by a decreased discharge from the Bani River occurs in the high flow season between September and November where a reduction of 23% is simulated. Fig. 10 summarises the win-win situation between hydropower production of the two Fomi operation scenarios (including the Sélingué dam) and the irrigation scenarios in OdN, while considering the trade-offs with the inundated area in the IND.
Trade-offs and win-win
As was discussed in Section 3.2, about 99% of the irrigation demands, referring to the year 2005, are supplied with only the Sélingué dam operational. An additional Fomi dam operated to preserve the natural flows (ENV scenario) would not change this situation, but the supply gaps are nullified with a Fomi dam operated to optimise hydropower production (HPP scenario), as is shown in Fig. 10a . Apart from additional hydropower production, there is therefore no real win-win with irrigation supply. A clear win-win situation can be observed in the future irrigation scenarios (Fig. 10b-d ) and the Fomi HPP scenario. In the 2045 irrigation scenario, the average annual irrigation supply increases from about 80% in the ENV scenario to 93% in the HPP scenario while the average hydropower production is with 240 GW h/a (151-357 GW h/a) also much higher and more reliable than in the ENV scenario with an average production of 157 GW h/a (113-218 GW h/a). This win-win situation would be even more pronounced, if hydropower production would be plotted against dryseason irrigation supply instead of average annual supply. The corresponding irrigation supply gap values are shown in Table 2 .
Even though the win-win between irrigation supply and hydropower production in the HPP scenario is obvious and would be a clear benefit in the context of the UNBB, the impact on downstream ecosystem services and water users has to be considered. ). An additional Fomi dam (HPP scenario) would shrink the inundated area by another 5% to a total reduction of 12% (13,434 km 2 ). The irrigation scenarios would contribute to a total reduction of 16% in 2025, 18% in 2035, and 21% in 2045 (see Table 3 ). The level of reduction of the maximal inundated area per year is qualitatively indicated by the circle sizes in Fig. 10 , where the larger the circles the higher the reduction and therefore the higher the trade-off between management scenario and inundated area in the IND. The circles in the HPP scenario are generally larger than in the ENV scenario, denoting a larger impact on the inundated area and thus on ecosystem services provided by the IND. The impacts in dry years are relatively higher than in wet years. It is important to mention that the IND's ecosystem integrity does not only rely on discharge peaks, which are important for the maximal flood extent. It also depends on the general dynamics of the flow regime like the timing of the discharge peak as well as on a distinctive low flow season.
Discussion and conclusions
Countries in the UNBB rank very low on the worldwide scale in terms of the human development index (UNDP, 2016) and food Fig. 10 . Trade-offs and win-win between irrigation supply, hydropower production at Fomi, and reduction of September inflows into the Inner Niger Delta. Each circle represents one year and the circle sizes denote the reduction of September inflows, the larger the circle the larger the reduction. Dashed lines indicate the average irrigation supply as percentage of demand.
Table 3
Scenario impact on the inundated area in the IND in km 2 and relative change (Fomi scenarios).
security (GFSI, 2017) , while the population is projected to double by mid-century (UN-DESA, 2017). Hence, socio-economic development is crucial and requires the utilisation of natural resources. The management of natural resources aiming at sustainable intensification in the UNBB needs to consider various aspects related to transboundary as well as upstream-downstream issues or the cross-sectoral trade-offs along the climate-water-food-energy nexus. Therefore, trade-offs between developments in the UNBB and food production and ecosystem service-based livelihoods in the IND deserve special attention. Ecosystem integrity of the IND relies on the seasonal flood pulse with certain thresholds for discharge in the dry season and flood peaks and flood duration in the wet season. Both are jeopardised by current and planned upstream land and water management activities as well as by the drying trend in the Sahel observed since the late 1960s.
Uncertainties
Dai et al. (2004) state that the decreased rainfall in the last three decades of the 20th century represents the largest recent observed climate change of any region. According to Biasutti (2013) , CMIP5 GCMs do not reproduce the amplitude of observed oscillations at multidecadal timescales and rainfall projections for the Sahel are less robust than the 20th century hindcast. Thus, rainfall change signals projected by global and regional climate models in the Sahel are highly uncertain, which is underlined by the Figs. S2, S3, and S4 in the Supplement. Where Held et al. (2005) states that a dramatic 21st century drying trend should be considered seriously as a possible future scenario, Schewe and Levermann (2017) argue that there is a possibility of an abrupt intensification of rainfall under future climate change.
Due to the above mentioned uncertainties and the need for accurate precipitation input, the irrigation and reservoir operation scenario simulations were based on 40 years of historical weather data from the years 1961 to 2000. This period captures the recent rainfall variability quite well with periods above (1960s) and below (1980s) the 20th century average rainfall. The last occurrence of an extremely wet decade was in the 1950s, about 70 years ago. This period has not been considered in this study, because an important basis of the gridded climate dataset (Weedon et al., 2011) is the ERA40 reanalysis product that starts in September 1957 only (Uppala et al., 2005) . A limitation of not applying climate change scenarios is that increasing air temperature and its impact on water demand for irrigation and water availability due to higher evapotranspiration rates from land and water surfaces is neglected. We are aware that this would put additional pressure on, e.g., crop productivity, human health or the feasibility of irrigation expansion. A simple analysis revealed that simulated discharge at Ké-Macina would decrease by 1.5% and 2.8% if 1°C or 2°C are added to the daily temperature time series, respectively. This gives an indication how changes in temperature only may influence actual evapotranspiration.
The assessment of the feasibility of plans to expand irrigated agriculture in the UNBB and its impacts on the downstream flow regime is based on globally available data, such as daily climate data from a gridded dataset, observed discharges, land use and soil maps, and on published data to parameterise irrigation and reservoir operation scenarios (e.g. reports, development plans, environmental impact assessments). We found contradicting information on water use efficiency, crop rotations, reservoir properties etc. Therefore, management data used in this study have to be treated with caution as the data vary from one reference to another. Such inconsistencies are a source of uncertainties in application-oriented impact assessment studies. Other unknown variables are related to the management itself as it is not clear how the dams will be managed, how fast the irrigated area will increase or if the minimal flow threshold at Markala will be respected or not. Employing scenarios is therefore a useful approach to capture the range of possible future pathways based on uncertain input data.
Hydropower production
A small Fomi dam with a storage capacity of 2.4 Bm 3 , operated to largely preserve the natural flow regime (ENV scenario), could produce 40.5 MW hydro-electric power on average between July and November, but either no or only very little in the dry season. The average production corresponds to 18.4 MW (157 GW h/a). To guarantee electricity production throughout the year, such an electricity system could be complemented by hybrid solar and/or wind power generators, contributing to a more sustainable and stable energy mix. A large Fomi dam with a storage capacity of 5.3 Bm 3 , operated to optimise hydropower production (HPP scenario), could produce 28 MW (240 GW h/a) on an annual average with a firm yield of 16 MW with an exceedance probability of 90%.
Feasibility of agricultural development and impacts on inflows into the Inner Niger Delta
The high seasonality of the Niger and Bani River discharges requires separate assessments of the feasibility of development plans for the dry (December to May) and the wet season (June to November). Assuming hydro-climatic conditions comparable to the period 1961-2000, the Niger River provides naturally enough water to theoretically supply the demands in the wet season even in the 2045 irrigation scenario with an area of˜460,000 ha. Hertzog et al. (2012) assume for instance that the Niger River provides theoretically enough water to irrigate one million hectares. However, water withdrawals for dry-season cropping are already at a limit today, particularly in dry years. It should be noted that current dry-season water demands in OdN would not sufficiently be supplied without the existing Sélingué dam, which increases the discharge between January and June. Under dry hydro-climatic conditions comparable to the late 1970s or 1980s, supply gaps would amount up to 80% without this dam. Hence, a further extension in the dry season can only be achieved by either reducing the water demands per area or by increasing river discharge. A provision of higher dry-season discharge can only be realised by the construction of a new dam in the Niger headwaters, which is already planned since decades and was prioritised as a key infrastructure in the Shared Vision and Sustainable Development Plan for the Niger (NBA, 2007) .
According to Hertzog et al. (2012) and Vandersypen et al. (2006) , the gravity-based irrigation system, over-dimensioned tertiary canals, minimal efforts in managing the OdN irrigation scheme, and the abundance of water in the wet season lead to low efficiencies in water use. Vandersypen et al. (2006) state that the operation of the irrigation network is inadequate and water use is unsustainable, because guidelines and procedures for operation are not followed in practice. This leads to avoidable losses due to excess water delivery and a permanent filling of secondary canals. Where crop demands in OdN are estimated to be about 1000 mm/a, the supply is in the order of 2000-2500 mm/a (Hertzog et al., 2012) . In theory, under an optimised water management, the same amount of water would either reduce the estimated supply gaps in the irrigation scenarios or may contribute to an extension of the irrigated area. In practice, this would involve costly investments, e.g., for advanced irrigation techniques, maintenance of irrigation canals, or water pumping to achieve equality in water supply over the whole irrigation scheme. A realistic quantification of the impact of improved water use efficiency is difficult and requires local knowledge and detailed data on the irrigation canal network, water control practices, crop calendar etc., and was therefore beyond the scope of this study.
The expected impacts of a new dam depend primarily on its storage volume and operation rules for impoundment and release. It was found that a smaller dam with a storage capacity of 2.4 Bm 3 , operated to largely preserve the natural flow regime (ENV scenario), does not support an extension of dry-season cropping in OdN, because dry-season discharges would be comparable to those today. Harvest losses could be substantial in dry years already in the 2025 irrigation scenario, where supply gaps of up to 60% are simulated in February and March. Such a dam would result in rather low trade-offs with downstream ecosystems, while supporting irrigation in adjacent areas. The impact on the discharge peak arriving at Ké-Macina before entering the IND in September would be negligible, provided that withdrawals for irrigation are on a today level. The reduction of the average maximal inundated area in the IND caused by an additional dam (ENV scenario) and current withdrawals is only 1% compared to the current state.
An additional large dam with a storage capacity of 5. /s at its outlet, thereby enabling the irrigation extension plans in OdN envisaged for the years 2025 and 2035. However, in 2035 supply gaps between 20-40% can be expected in dry years, which would certainly lead to considerable yield losses. An extension of the OdN irrigation scheme as is planned for the year 2045 would be compromised in many years during the dry season where the average supply gap over the entire simulation period between January and March is 30% and can be as large as 60% in extraordinary dry years. Where current irrigation and reservoir operations reduce the average annual Niger discharge by about 10%, the 2045 irrigation scenario in combination with the large dam may reduce the average discharge by a third, compared to natural flows. Current management practices reduce the peak discharge, essential for inundation processes in the IND, already by 500 m 3 /s in September. In the 2045 irrigation scenario, the average discharge peak may decrease by about 1300 m 3 /s, thereby reducing September discharge of an average year to the level of the second driest year observed in the period 1961-2000. It is not surprising but noticeable that the impact of irrigation and reservoir operations are relatively lower in wet decades, like in the 1960s, than in dry decades, like in the 1980s. Likewise is the decrease of flood dynamics and its associated impacts much higher in dry years. In the 2045 irrigation scenario, for instance, the water demand would correspond to 50% of discharge in the year with lowest discharge and to 19% in the year with highest discharge in the entire simulation period.
In addition to the reduction of Niger River discharge, the recently built Talo and Djenné dams and adjacent irrigation schemes in the Bani River basin are further shortening the water resources in the IND by another 4%. On average, the reduction between September and November amounts to about 23% compared to natural flows. Adding this share to the reduction of peak inflows from the Niger River in 2045 (34% in September), a total reduction of the discharge peak of about 40% can be expected.
A strongly altered hydrological regime would have large negative impacts on the inundated area in the IND, not only leading to severe shrinking of the wetland ecosystem but also jeopardising its integrity. Discharge reductions, like in the 2045 irrigation scenario would compromise the IND's potential to yield fish, fodder, and rice and hence reduce livelihood options for many inhabitants. The year 1984, the driest year in the simulation period, is often used to illustrate the destructive forces of such conditions, which led to mass animal deaths and famines. Situations comparable to the year 1984 with an inundated area below 9000 km 2 occurred once between 1961 and 2000 but may occur twice under the 2035 and 2045 irrigation and HPP scenarios. The threshold of 10,000 km 2 was undercut twice in the simulation of the past but in seven years in the 2045 irrigation and HPP scenario. The large dam (HPP scenario) under current irrigation management would reduce the average maximal inundated area by 5% compared to current conditions. Together with irrigation withdrawals in 2045, the inundated area would experience an average reduction of 14% compared to the current situation, which corresponds to a total reduction of 21% compared to natural conditions. Coyne and Bellier (2009) assume that the large dam would reduce the area by 10%, BRL and DHI (2007) estimate a reduction of 14%, and AECOM (2017) a reduction between 8-12%. A direct comparison among these studies is extremely difficult, because different time periods, modelling approaches, and assumptions on dam characteristics have been used, which are not always transparently reported. However, compared to the other studies, it seems that our estimations underestimate the impact of the Fomi dam on the average maximal inundated area. Minimising or even losing the IND's ecosystem services would create tremendous costs, not only from a monetary perspective, which have to be taken into consideration in the development of management plans in the UNBB. Not investing in improved water use efficiency today but relying on increased dry-season discharge from a new dam would only postpone several issues that have to be tackled in the long-term anyway, such as meeting sustainable development goals, meeting the food production for the growing population in future etc. Studies investigating trade-offs and synergies from an economic and/or ecosystem service perspective, considering the different management scenarios addressed here, would provide crucial information for decision making.
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